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Limi t ing  P rocesses  a t  Hydrocarbon E l e c t r o d e s  

J. A .  Shropsh i r e ,  E: H .  Okrent ,  H .  H .  Horowitz 
Esso Research and Engineer ing Company 

The development of an e f L i c i e n t  low tempera ture ,  aqueous,  hydro- 
ca rbon-a i r  f u e l  c e l l  has  been t h e  s u b j e c t  of  i n t e n s i v e  i n v e s t i g a t i o n  i n  
r e c e n t  y e a r s .  S a t u r a t e d  hydrocarbons would be  w e l l  s u i t e d  t o  commercial 
Cue1 c e l l s  because of t h e i r  low c o s t  and h igh  a v a i l a b i l i t y .  L iquid  hydro- 
carbons a r e  e s p e c i a l l y  p r e f e r a b l e  because they  are e a s i l y  handled ,  ea s i ly  
sepa ra t ed  from t h e  p roduc t s  of  combustion, carbon d iox ide  and wa te r ,  and 
because of t h e i r  low s o l u b i l i t y  i n  t h e  e l e c t r o l y t e ,  no t  l i k e l y  t o  be  ox id ized  
a t  t h e  ca thode .  

While t h e  e a r l i e s t  demonstrat ion of t h e  e l ec t rochemica l  a c t i v i t y  
of a s a t u r a t e d  hydrocarbon was made wi th  a non-noble c a t a l y s t ( l ) ,  commercially 
promising c u r r e n t  d e n s i t i e s  were n o t  observed u n t i l  e l e c t r o d e s  wi th  heavy 
plat inum load ings ,  t h i r t y  and more mi l l i g rams  p e r  cm2--were used ( 2 , 3 ) .  How- 
e v e r ,  hydrocarbon f u e l  c e l l s  w i l l  r e q u i r e  a r e d u c t i o n  i n  c a t a l y s t  c o s t  o f  a t  
l e a s t  two o r d e r s  of  magnitude b e f o r e  they  are commercially p r a c t i c a l .  One 
way t o  ach ieve  t h i s  c o s t  r e d u c t i o n  i s  t o  f i n d  an a c t i v e  non-noble c a t a l y s t .  
E f f o r t s  along t h e s e  l i n e s  a r e  i n  p rogres s  i n  s e v e r a l  l a b o r a t o r i e s .  A second 
approach i s  t o  improve t h e  u t i l i z a t i o n  of  t h e  p r e s e n t  c a t a l y s t ,  thereby  r e -  
ducing i t s  requi rement  p e r  k i l o w a t t  of power. To accomplish t h i s  end i t  i s  
necessary  t o  know what p rocesses  a r e  l i m i t i n g  the  performance of t h e  p re sen t  
hydrocarbon e l e c t r o d e s .  I n  l i n e  w i t h  t h i s  o b j e c t i v e ,  t h e  a i m  o f  t h e  p re sen t  
s tudy  was t o  de te rmine  whether t h e  s t eady  s t a t e  performance of  o p e r a t i n g  
anodes i s  l i m i t e d  b y  t h e  i n t r i n s i c  e l ec t rochemica l  a c t i v i t y  o f  t h e  c a t a l y s t  
o r  whether phys i ca l  f a c t o r s  e x e r t  impor t an t  e f f e c t s .  

Th i s  problem i s  compl ica ted  by t h e  f a c t  t h a t  t he  optimum e l e c t r o d e s  
a r e  complex porous s t r u c t u r e s  c o n s i s t i n g  o f  hydrophobic and h y d r o p h i l i c  
m a t e r i a l s  exposed t o  both  f u e l  and e l e c t r o l y t e .  The i r  a c t i v i t y  may be l i m i t e d  
by loss of u s e f u l  e l e c t r o d e  area through a f a i l u r e  t o  be w e t  by e l e c t r o l y t e ,  o r  
through t o t a l  f l o o d i n g  by e l e c t r o l y t e  l e a d i n g  t o  lengthy  f u e l  d i f f u s i o n  pa th-  
ways. 
may g ive  r i s e  t o  cont inuous  changes i n  the  l o c a t i o n  of t h e  f u e l - e l e c t r o l y t e  
i n t e r f a c e ,  which m a y  f u r t h e r  compl ica te  the  p i c t u r e ( 4 ) .  These e f f e c t s  a r e  
superimposed on t h e  chemical and e l ec t rochemica l  p rocesses  o c c u r r i n g  on the  
e l e c t r o d e  s u r f a c e ,  such as t h e  chemisorpt ion of t h e  f u e l  and t h e  charge  t r a n s -  
f e r  p rocesses  a s s o c i a t e d  w i t h  i t s  o x i d a t i o n .  

I n  a d d i t i o n ,  t empera ture  g r a d i e n t s  and t h e  e v o l u t i o n  o f  r e a c t i o n  products  

Because of  t h e  many p o s s i b l e  l i m i t i n g  p rocesses  caused by t h e  
s u p e r p o s i t i o n  of p h y s i c a l  and chemical v a r i a b l e s ,  r e l a t i v e l y  l i t t l e  
mechanism work has been done on porous d i f f u s i o n  e l e c t r o d e s  o p e r a t i n g  
wi th  immiscible f u e l s .  Typ ica l  chemica l  s t u d i e s  have been done on bulk  
me ta l s  (5)  o r  e l e c t r o d e p o s i t e d  b l acks  ( 6 ) .  S t u d i e s  of  p h y s i c a l  v a r i a b l e s  
have involved model s t u d i e s  o f  men i sc i  ( 7 )  o r  s t u d i e s  w i t h  s o l u b l e  f u e l s  
d i s so lved  i n  e l e c t r o l y t e  which i s  flowed through the porous e l e c t r o d e  (8) .  
The p r e s e n t  s tudy  a t t e m p t s  t o  de te rmine  which of t h e  many p o s s i b l e  p h y s i c a l  
and chemical p rocesses  l i m i t s  t h e  a c t i v i t y  o f  porous wetproofed e l e c t r o d e s  
o p e r a t i n g  on hydrocarbon f u e l s ,  and d e s c r i b e s  some new p h y s i c a l  a s p e c t s  
of t h e i r  o p e r a t i o n .  
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Approach 

A number o f  p l a t inum b lack  catalysts  were prepared  us ing  d i f f e r e n t  
chemical reducing  a g e n t s .  These were formed i n t o  porous,  wetproofed, i n t e r -  
face-main ta in ing  e l e c t r o d e s  and t e s t e d  f o r  s t eady  s ta te  performance on butane 
gas .  The a c t i v i t y  v a r i e d  wide ly ,  even when c o r r e c t e d  f o r  v a r i a t i o n s  i n  s u r -  
f a c e  a r e a .  Next t h e  i n t r i n s i c  e l e c t r o c a t a l y t i c  a c t i v i t i e s  of t h e  c a t a l y s t s  
were compared by measuring t h e i r  a b i l i t y  t o  o x i d i z e  preadsorbed butane .  
was done us ing  a vo l t age - scann ing  technique  under c o n d i t i o n s  where phys ica l  
f a c t o r s  l i m i t i n g  t h e  a c c e s s  of f u e l  t o  t h e  s u r f a c e  could  have no e f f e c t .  A t  
t he  same time v a r i o u s  p h y s i c a l  p r o p e r t i e s  of t he  c a t a l y s t s  were measured to  
de te rmine  whether t h e s e  would c o r r e l a t e  w i th  t h e  s t eady  s t a t e  performance. 
F i n a l l y ,  a d d i t i o n a l  o b s e r v a t i o n s  o f  s u r f a c e  e f f e c t s  were made which l ed  t o  
t h e  r e c o g n i t i o n  o f  a new phenomenon which may be very  impor tan t  i n  t h e  ope ra t ion  
of hydrocarbon e l e c t r o d e s .  

Th i s  

Exper imenta l  

P repa ra t ion  and Eva lua t ion  of Platinum C a t a l y s t s  

Five p la t inum b lacks  were prepared us ing  v a r i o u s  chemical reducing 
r e a g e n t s .  I n  a d d i t i o n ,  a sample of commercial p la t inum black  was included i n  
t h e  s t u d y .  Each of t h e s e  w a s  formed i n t o  an e l e c t r o d e  simply by mixing with 
Te f lon  emulsion and ho t  p r e s s i n g  i n t o  a 50 mesh tan ta lum s c r e e n .  This  type 
o f  e l e c t r o d e  was chosen because of i t s  e a s e  of p r e p a r a t i o n  and good r ep roduc i -  
b i l i t y .  Optimum e l e c t r o d e  fo rmula t ions  perform b e t t e r  t han  any r epor t ed  h e r e ,  
g i v i n g  100 ma/cm2 a t  0 .18  v o l t s  p o l a r i z a t i o n  and 300 to  400 ma/cm2 l i m i t i n g  
c u r r e n t  on butane a t  15OoC. However, p r e p a r a t i o n  v a r i a b l e s  must be much more 
c l o s e l y  c o n t r o l l e d  w i t h  t h e s e  e l e c t r o d e s  t o  achieve  r ep roduc ib le  r e s u l t s .  

The e l e c t r o d e s  were t e s t e d  f o r  a c t i v i t y  us ing  butane f u e l  and 14.7 
molar phosphor ic  a c i d  e l e c t r o l y t e  a t  150°C.  A dr iven  "ha l f  c e l l "  was used 
i n  which t h e  e l e c t r o d e  w a s  mounted i n  a g l a s s  f l ange  wi th  5 .7  cm2 exposed t o  
e l e c t r o l y t e  on one s i d e  and gaseous f u e l  on the  o t h e r .  
z a t i o n  was measured by means of a calomel-Luggin c a p i l l a r y  r e fe rence  system 
which was p r e c a l i b r a t e d  a g a i n s t  a r e v e r s i b l e  hydrogen e l e c t r o d e  i n  t h e  same 
system. Experimental  p o i n t s  were run  g a l v a n o s t a t i c a l l y  u n t i l  t he  p o l a r i z a -  
t i o n  reached  a c o n s t a n t  v a l u e .  Runs l a s t e d  from one t o  f i v e  days .  

The e l e c t r o d e  p o l a r i -  

The a c t i v i t y  o f  t h e  c a t a l y s t s  v a r i e d  by a f a c t o r  of f i f t y ,  whereas 
t h e  s u r f a c e  a r e a s ,  measured electrochemically,varied by only a f a c t o r  of 
t h r e e ,  a s  shown i n  Table  1. The l oga r i thmic  s t anda rd  d e v i a t i o n  of t h e  c u r -  
r e n t  d e n s i t i e s ,  measured i n  a r e l a t e d  s tudy ,  corresponded t o  5 1.6%. Thus, 
t h e  d e s i r e d  wide range  o f  a c t i v i t y  w a s  ach ieved .  
answered was whether t he  f i f t y f o l d  a c t i v i t y  v a r i a t i o n  could be a sc r ibed  to  
d i f f e r e n c e s  i n  t h e  i n t r i n s i c  chemical r e a c t i v i t y  of the c a t a l y s t s .  

The next  ques t ion  t o  be 
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Table 1 

Activity of Platinum Blacks 

- No. Reducing Agent 

1 Formaldehyde 

2 Hydrogen 

3 Potassium Borohydride 

4 Lithium 

5 Commercial (Engelhard) 
Platinum (Repeat Runs) 

6 Formaldehyde + Protective Colloid 

Current Density 
at 0.4  volts Pol -  
ar iza t ion (ma/cm2) 

2.5 

6 

15 

19 

9 2 ,  90 

130 

Electrochemical 
Surface Area 
meter s 2  /gm" 

8.9  

22.5 

1 3 . 4  

26 .9  

23.7  

21 .a 
;': Obtained from voltage scan measurements (see below) assuming theoretical 

monolayer is 239 m2/gm, based on 100, 110, and 111 planes weighted 
according to their X-ray peak intensities. 

Evaluation of Intrinsic Electrochemical Activity 

A. Indications of Electrochemical R a t e  Limitations 

Before examining the adsorption-oxidation results it .should be 
pointed out that the steady state performance curves gave definite indica- 
tions of 'chemical and electrochemical rate limitations. Typical perform- 
ance curves at both 100" and 150°C showed a Tafel-like region, of slope 
approximating 0.13 volts per decade, followed by a limiting current region 
(F'igure 1). 
mole while that in the limiting region was 10 to 1 2  kcal/mole (Table 2). 

The energy of activation in the Tafel region was about 18 kcal/ 

Table 2 

Summary of Butane Reaction Parameters 

Parameter Tafel Region 

Taf e 1 Slope (volts /decade) 0.12-0 .14  

Activation Energy (kcal/molc) 17-19 

Limiting Region 

(00) 

10-12 
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The s lope  of 2 RT/F i s  c o n s i s t e n t  w i th  t h e  p roposa l s  t h a t  t h e  ox ida t ion  of 
. t h e  p la t inum s u r f a c e  (9) o r  t h e  r a t e  of wa te r  d i scha rge  (5) i s  l i m i t i n g  i n  
t h e  T a f e l  reg ion .  I n  t h e  l i m i t i n g  c u r r e n t  r eg ion  an a c t i v a t e d  s t e p  occur r ing  
before  t h e  e l ec t rochemica l  s t e p s ,  no t  i nvo lv ing  e l e c t r o n  t r a n s f e r ,  is ind ica t ed  
t o  be r a t e  l i m i t i n g .  Th i s  could w e l l  be  t h e  chemisorp t ion  of t h e  f u e l .  True 
d i f f u s i o n  l i m i t e d  r a t e s ,  encountered i n  t h e  a d s o r p t i o n s  t o  b e  desc r ibed  below, 
had a very  low a c t i v a t i o n  energy .  

Assignment o f  chemica l  r a t e  L imi t a t ions  t o  t h e  s teady  state curves  
does no t  prec lude  t h e  coex i s t ence  of phys i ca l  l i m i t a t i o n s  i n  t h e  d i f f e r e n t  
c a t a l y s t s .  These cou ld  s h i f t  t h e  curves  wi thout  changing t h e i r  shape by 
making more o r  l e s s  s u r f a c e  a r e a  a v a i l a b l e  f o r  r e a c t i o n .  Never the less ,  evidence 
o f  t he  e x i s t e n c e  of e l e c t r o c h e m i c a l  r a t e  l i m i t a t i o n s  i n  t h e  low p o l a r i z a t i o n  
r eg ions  j u s t i f i e s  t h e  use  o f  t h e  adso rp t ion -ox ida t ion  technique  descr ibed  below. 

B.  Adsorp t ion-Oxida t ion  S tud ie s  

A measure of t h e  i n t r i n s i c  e l ec t rochemica l  a c t i v i t y  of t h e  c a t a -  
l y s t s  w a s  ob ta ined  by forming them i n t o  t o t a l l y  flooded e l e c t r o d e s  and measur- 
ing t h e  r a t e  a t  which they  oxid ized  preadsorbed butane ,  per  u n i t  s u r f a c e  a r e a .  
The t o t a l  amount of bu tane  adsorbed a t  s a t u r a t i o n  coverage could a l s o  be used 
a s  a measure of one of t h e  c a t a l y t i c  parameters  a f f e c t i n g  s t eady  s t a t e  a c t i v i t y .  
I n  t h i s  way c a t a l y s t  s t r u c t u r e  problems, which l i m i t  t he  a c c e s s i b i l i t y  of t h e  
f u e l  o r  t h e  e l e c t r o l y t e  t o  t h e  s u r f a c e  of t h e  c a t a l y s t ,  were avoided. 

F i f t y  mi l l i g rams  of t he  c a t a l y s t  t o  be t e s t e d  were mixed wi th  5 mg 
o f  emul s i f i ed  Te f lon  and p res sed  a t  200 p s i  i n t o  a f i f t y  mesh p la t inum screen  
a t t a c h e d  t o  t h e  f a c e  of a 2 cm2 platinum f o i l .  
s u f f i c i e n t  t o  bind t h e  c a t a l y s t  t o  t he  " f lag"  e l e c t r o d e ,  bu t  s i n c e  i t  was no t  
s i n t e r e d  o r  sub jec t ed  t o  h igh  p r e s s u r e s  i t  d i d  n o t  wetproof t h e  e l e c t r o d e .  
The f l a g ,  mounted on t h e  end of a long  p la t inum wi re ,  was suspended i n  3 . 7  
molar s u l f u r i c  a c i d  h e l d  a t  8 0 ° C .  Reference and coun te r  e l e c t r o d e s  were a l s o  
mounted i n  the c e l l .  The p o t e n t i a l  between t h e  r e f e r e n c e  and working e l e c -  
t rodes  w a s  c o n t r o l l e d  by means of a Duf fe r s  Model 600 p o t e n t i o s t a t  and 
d r iven  i n  t r i a n g u l a r  v o l t a g e  sweeps by a Servomex Low Frequency Wave Form 
Genera to r .  Cur ren t -vo l t age  diagrams were recorded  on a Moseley Model 135 
x-y P l o t t e r .  The sweep range  w a s  from 0.15 t o  1.45 v o l t s  ve r sus  r e v e r s i b l e  
hydrogen i n  the  same e l e c t r o l y t e .  Typica l  s cans  wi th  and wi thout  adsorbed 
butane a r e  shown i n  F i g u r e  2 .  I n t e g r a t i o n  of t h e  a r e a  under t h e  oxide  r e -  
d u c t i o n  peak on the  c a t h o d i c  sweep gave a measure of t h e  p la t inum s u r f a c e  a r e a .  
Butane peaks were o b t a i n e d  a f t e r  exposing t h e  wetted e l e c t r o d e  t o  gaseous 
butane i n  the space above t h e  e l e c t r o l y t e .  When butane was passed over the 
s u r f a c e  of the e l e c t r o l y t e  wi th  the  f l a g  t o t a l l y  immersed, no apprec i ab le  
butane peaks could be  ob ta ined  w i t h i n  exposure t imes of one hour ,  due t o  i t s  
low s o l u b i l i t y .  

This  amount of Tef lon  was 

b 
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This  f a c t  made p o s s i b l e  a ve ry  convenient  adso rp t ion -ox ida t ion  
procedure :  The f l a g  e l e c t r o d e  was p u l l e d  o u t  o f  t h e  e l e c t r o l y t e  u n t i l  on ly  
the  lower edge o f . t h e  plat inum f o i l ,  an  area wi thou t  c a t a l y s t ,  w a s  immersed 
i n  e l e c t r o l y t e .  The p o t e n t i a l  of t h e  e l e c t r o d e  could  t h u s  be f ixed  dur ing  
the  adso rp t ion  pe r iod  by t h e  p o t e n t i o s t a t .  S ince  on ly  very  smal l  c u r r e n t s  
passed through t h e  wet ted  l a y e r  i t  i s  f e l t  t h a t  t h e  p o t e n t i a l  was i n  r e l a t i v e l )  
good c o n t r o l  d u r i n g  t h e  adso rp t ion  p e r i o d .  The p o t e n t i a l  du r ing  t h e  adso rp t io r  
was s e t  a t  0 .0  v o l t s  ve r sus  calomel o r  0 . 1 5  v o l t s  v e r s u s  r e v e r s i b l e  hydrogen 
under these  c o n d i t i o n s .  A t  t h e  end of  t h e  a d s o r p t i o n  pe r iod  t h e  e l e c t r o d e  
was t o t a l l y  immersed i n  t h e  e l e c t r o l y t e  and w i t h i n  one minute t h e r e a f t e r  w a s  
sub jec t ed  t o  anodic  and c a t h o d i c  s c a n s ,  wi th  t h e  a s su rance  t h a t  .no s i g n i f i c a n t  
'amount o f  bu tane  could  be adsorbed d u r i n g  t h e  scan  p e r i o d .  The number of 
coulombs i n  t h e  butane  peak was ob ta ined  by i n t e g r a t i o n ,  t a k i n g  the  butane- 
f r e e  base  cu rve  i n t o  accoun t .  Using t h i s  technique ,  f a i r l y  r a p i d  adso rp t ion  
r a t e s  could be o b t a i n e d .  These rates were about  an o r d e r  of  magnitude l e s s  
than those  o b t a i n a b l e  i n  wetproofed porous e l e c t r o d e s  and were c l e a r l y  d i f -  
f u s i o n  l i m i t e d ,  showing a 0-2 k c a l  a c t i v a t i o n  energy and an  approximately 
l i n e a r  p r o p o r t i o n a l i t y  of coulombs v e r s u s  squa re  r o o t  of  t i m e .  These r a t e s  
were t h e r e f o r e  n o t  used i n  the  a n a l y s i s .  Only t h e  t o t a l  number of coulombs 
and t h e  shape of t h e  o x i d a t i o n  curve were used a s  c r i t e r i a  of  c a t a l y t i c  
a c t i v i t y  . 

The e l ec t rochemica l  s u r f a c e  a r e a s  of  t h e  c a t a l y s t s ,  a s  determined 
from t h e  number o f  coulombs i n  the  ox ide  r educ t ion  peak, v a r i e d  by a f a c t o r  
of t h r e e  a s  shown i n  Table  1. However, t h e  r a t i o  of  t h e  butane  peak a t  

c a t a l y s t s  a t  1.58 wi th  a s t anda rd  d e v i a t i o n  of  0.13. Assuming 26 e l e c t r o n s  
involved i n  butane  o x i d a t i o n  and 2 i n  ox ide  r e d u c t i o n  t h i s  r e s u l t  i n d i c a t e s  
8 plat inum s i t e s  pe r  bu tane  molecule o r  one carbon atom pe r  2 p la t inum atoms 
i n  t h e  s u r f a c e ,  independent  of  the  plat inum r e d u c t i o n  t echn ique .  

. s a t u r a t i o n  t o  t h e  ox ide  r e d u c t i o n  peak w a s . v i r t u a l l y  c o n s t a n t  f o r  a l l  t h e  

An i ndex  o f  t h e  r a t e  of  t h e  e l ec t rochemica l  o x i d a t i o n  was obta ined  
f o r  a l l  of t h e  c a t a l y s t s  by comparing t h e  observed c u r r e n t  a t  0.45 v o l t s  
p o l a r i z a t i o n  from butane  theo ry  a t  f i x e d  i n i t i a l  f r a c t i o n a l  coverage .  HOW- 
eve r ,  minor v a r i a t i o n s  i n  t h e  shapes of  t he  cu rves  made t h i s  measurement 
somewhat i r r e p r o d u c i b l e .  The re fo re ,  t h e  butane  o x i d a t i o n  peak was i n t e g r a t e d  
t o  0.45 v o l t s  p o l a r i z a t i o n  and the  c a t a l y t i c  a c t i v i t y  expressed  i n  terms o f  
the f r a c t i o n  of  t h e  i n i t i a l  adsorbed butane b u r n t  o f f  t o  0.45 v o l t s  p o l a r i z a t i o n  
a s  a f u n c t i o n  of  t h e  i n i t i a l  bu tane  coverage .  This  method w a s  shown to  be 
ab le  t o  d e t e c t  d i f f e r e n c e s  i n  a c t i v i t y :  Varying t h e  tempera ture  from 60 t o  
1 5 0 ° C  (us ing  phosphor ic  a c i d  i n  the  l a t t e r  c a s e )  produced l a r g e  v a r i a t i o n s  i n  
t h i s  r a t i o .  Neve r the l e s s  a l l  o f  the  c a t a l y s t s  t e s t e d  he re  showed e s s e n t i a l l y  
the  same r e l a t i o n  between f r a c t i o n  r e a c t e d  a t  0.45  v o l t s  and i n i t i a l  f r a c t i o n a l  
coverage ,  i n d i c a t i n g  a l l  had roughly t h e  same i n t r i n s i c  e l ec t rochemica l  a c t i v i t :  
per u n i t  s u r f a c e  a r e a  (F igu re  3 ) .  
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From F igure  3 i t  is a l s o  noted t h a t  t h e  f r a c t i o n  r e a c t e d  a t  0.45 
v o l t s  po la r i zed  dec l ined  s e v e r e l y  w i t h  i n c r e a s i n g  butane coverage. Th i s  
l e n d s  credence t o  t h e  h y p o t h e s i s  t h a t  a r e a c t i o n  such  a s  o x i d a t i o n  o f ,  o r  
wa te r  d i scha rge  on, t h e  uncovered p la t inum s i t e s  i s  r a t e  de te rmining .  

Regard less  of t h e  mechanism, however, it i s  concluded t h a t  e l e c -  
t rochemica l ly ,  a l l  of t h e s e  h i g h  s u r f a c e  a r e a  c a t a l y s t s  a r e  e s s e n t i a l l y  
i d e n t i c a l .  

c 
Phys ica l  Examination of t h e  C a t a l y s t s  

Following t h e  f i n d i n g  t h a t  t h e  i n t r i n s i c  e l ec t rochemica l  a c t i v i t y  
of t he  c a t a l y s t s  could  n o t  account f o r  t h e  v a r i a t i o n  of t h e i r  s t eady  s t a t e  
performances,  t hey  were n e x t  examined f o r  v a r i a t i o n s  i n  t h e i r  p h y s i c a l  . 
p r o p e r t i e s .  The p r o p e r t i e s  measured were: c y r s t a l l i t e  s i z e  by X-ray I i n e  
broadening;  bulk d e n s i t y  a f t e r  t he  s e t t l i n g  o f  aqueous suspens ions ;  B.E.T. 
n i t r o g e n  s u r f a c e  a r e a ;  t h e  pore  volume by n i t r o g e n  c a p i l l a r y  condensa t ion ;  
and t h e  appearance o f  t h e  agglomera tes  under t h e  e l e c t r o n  microscope (Table 3 ) .  

Table 3 

C a t a l y s t  C h a r a c t e r i z a t i o n  

Bulk C r y s t a l l i t e  B.E.T. Pore Curren t  Dens i ty  
Sample Dens i ty(2)  S i . ~ g ( ~ )  Surface  Area a t  0.4 v o l t s  
No. ( l )  (gm /cm3) (A) (m2/gm) (cm3/gm> Polarization(ma/cm2) 

1 0.27  62 8 0.03 2.5 

2 0.65 35 10 0.05 6 

3 0.99 a2  7 0.13 15 

4 0.65 50 26 0.19 1 9  

5 0.46 77 28 0 .39  92 ,  90 

6 0.55 45 30 0.40 130 

(1 )  As g iven  i n  Table 1. 
(2 )  A f t e r  24 hours s e t t l i n g  of an aqueous suspens ion .  
( 3 )  By X-ray l i n e  broadening .  
( 4 )  By e q u i l i b r a t i o n  w i t h  l i q u i d  n i t r o g e n  i n  a l i q u i d  n i t r o g e n  ba th .  

The p h y s i c a l  p r o p e r t i e s  i n  g e n e r a l  v a r i e d  by a g r e a t e r  f a c t o r  than  t h e  
i n t r i n s i c  e l ec t rochemica l  a c t i v i t i e s .  
c o r r e l a t e d  wi th  t h e  s t e a d y  s t a t e  a c t i v i t y ,  t h e  more open s t r u c t u r e s  g iv ing  t h e  
h ighe r  a c t i v i t i e s  (F igu re  4 ) .  

I n  p a r t i c u l a r  t he  pore  volume could be 

i 

/I 
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E l e c t r o n  microscope examinat ion o f  t h e  c a t a l y s t s  provided f u r t h e r  
ev idence  o f  t h e i r  s t r u c t u r a l  v a r i a t i o n .  While q u a n t i t a t i v e  comparisons were 
n o t  p o s s i b l e  t h e r e  appeared t o  be  d e f i n i t e  d i f f e r e n c e s  i n  appearance between 
t h e  low a c t i v i t y ,  low pore  volume c a t a l y s t s  and t h e  h igh  a c t i v i t y ,  h i g h  pore 
volume m a t e r i a l s .  The l a t t e r  were c h a r a c t e r i z e d  by a l a c y  agglomerate  s t r u c -  
t u r e  w i t h  t h e  i n d i v i d u a l  c r y s t a l l i t e s  forming a network of  low c o o r d i n a t i o n  
number. The p o o r e r  c a t a l y s t s  had much less l a c y  m a t e r i a l ,  l a r g e  dense a reas  
and some i n d i c a t i o n s  of  w e l l  formed edges o f  r e l a t i v e l y  l a r g e  c r y s t a l s .  The 
b e s t  and t h e  worst  c a t a l y s t s  a r e  compared i n  F i g u r e s  5 and 6 .  

It ,  t h u s ,  appears  t h a t  t h e  f i f t y f o l d  v a r i a t i o n  i n  s t e a d y  s t a t e  
c a t a l y t i c  a c t i v i t y  was due n o t  t o  changes i n  chemical  r e a c t i v i t y  of t h e  c a t a -  
l y s t  s u r f a c e s ,  b u t  t o  changes i n  t h e  p h y s i c a l  n a t u r e  of  t h e  c a t a l y s t s ,  having 
t o  do w i t h  the  openness  of t h e  s t r u c t u r e  and t h e  ease of d i f f u s i o n  w i t h i n  i t .  

Opera t ion  of  Porous,  Hydrophobic Electrode 's  

The f i n d i n g  t h a t  p h y s i c a l  parameters  governed t h e  o p e r a t i o n  of  
hydrocarbon e l e c t r o d e s  l e d  n a t u r a l l y  t o  a c o n s i d e r a t i o n  of  t h e i r  p h y s i c a l  
mode of o p e r a t i o n ,  and t o  what may be an impor tan t  new phenomenon. There 
have been two g e n e r a l  approaches t o  t h e  unders tanding  of  t h e  o p e r a t i o n  of  
porous d i f f u s i o n  e l e c t r o d e s .  One i n v o l v e s  d i f f u s i o n  o f  t h e  d i s s o l v e d  f u e l  
i n t o  the  porous s t r u c t u r e  f looded  w i t h  e l e c t r o l y t e  (8).  The o t h e r  c o n s i d e r s  
p o r e s  c o n t a i n i n g  meniscuses  such  a s  are i l l u s t r a t e d  by t h e  model experiments  
of W i l l  ( 7 ) .  D i f f u s i o n  a l o n e ,  w i t h o u t  f l o w ,  cannot  account  f o r  t h e  a c t i v i t i e s  
observed.  A s imple  c a l c u l a t i o n  shows t h a t  t h e  butane can p e n e t r a t e  o n l y  about 
5 microns i n t o  t h e  s t r u c t u r e  by d i f f u s i o n  a l o n e  from t h e  s u r f a c e ,  s i n c e  i t s  
s o l u b i l i t y  i s  so low, r e l a t ive  t o  t h e  r e a c t i v i t i e s  shown i n  F i g u r e  1. The 
importance of i n t e r n a l  meniscus format ion  i s  c a s t  i n  doubt by the f a c t s  t h a t  
l i q u i d  and gaseous decane g i v e  about  e q u a l  performance (F igure  71, whereas 
t h e  e l e c t r o l y t e  meniscus i s  i n v e r t e d  i n  going  from gaseous t o  l i q u i d  hydro- 
carbon f u e l s .  Whereas f o r  g a s e s  t h e  e l e c t r o l y t e  meniscus i n  concave upwards, 
f o r  l i q u i d  hydrocarbons i t  i s  concave downward. That  i s ,  t h e  p la t inum i s  
p e r f e r e n t i a l l y  wet ted by t h e  hydrocarbon. 
d e t a i l s ) .  

(Se? Appendix I and F i g u r e  8 f o r  

The phenomenon o f  g a s i f i c a t i o n ,  o r  b o i l i n g ,  w i t h i n  t h e  p o r e s  of  a 
wet ted  hydrophobic m a t r i x ,  a t  t empera tures  f a r  below t h e  normal b o i l i n g  
y o i n t ,  may help e x p l a i n  how f u e l  p e n e t r a t e s  i n t o  t h e  depths  of purous e l e c -  
t r o d e s ,  and why gases  and l i q u i d s  perform e q u a l l y  w e l l .  
t h a t  c e r t a i n  Teflon-wetproofed e l e c t r o d e s  mounted i n  t h e i r  normal o p e r a t i n g  
c o n f i g u r a t i o n ,  begin t o  spontaneous ly  e m i t  a s t ream o f  bubbles  on t h e  e l e c -  
t r o l y t e  s i d e ,  when t h e  tempera ture  i s  r a i s e d  t o  w i t h i n  30" of  the normal 
e l e c t r o l y t e  b o i l i n g  p o i n t .  
p r e s s u r e  excess  on t h e  f u e l  s i d e ,  and w i l l  even overcome a c o n s i d e r a b l e  e l e c -  
t r o l y t e  head. 
It can be shown thermodynamically t h a t  t h e  b o i l i n g  p o i n t  of  a l i q u i d  i n  a 
porous hydrophobic m a t r i x  can be lowered by 30" and more, due t o  t h e  p r e f e r -  
e n t i a l  w e t t i n g  of the  s u r f a c e  by g a s  r a t h e r  than  l i q u i d .  (See Appendix I1 
f o r  d e r i v a t i o n  and example i l l u s t r a t i n g  t h e  e f f e c t . )  However, t h e  thermo- 
dynamics do not  e x p l a i n  t h e  cont inuous  bubble r e l e a s e  observed i n  c e r t a i n  
e l e c t r o d e s .  This  may be due t o  tempera ture  and p r e s s u r e  g r a d i e n t s ,  tu rbulence  
and pore j u n c t i o n s  w i t h i n  t h e  e l e c t r o d e .  

It has  been observed 

T h i s  phenomenon w i l l  o c c u r  i n  t h e  absence of  any 

It i s  observed even w i t h  l i q u i d  decane i n  t h e  f u e l  chamber. 



I n  any c a s e ,  a p i c t u r e  of  hydrocarbon e l e c t r o d e  o p e r a t i o n  i s  pro- 
posed i n  which l o c a l i z e d  e l e c t r o l y t e  b o i l i n g  w i t h i n  t h e  smal l  hydrophobic 
p o r e s  provides  a stream of  vapor  which c a r r i e s  t h e  gaseous o r  vapor ized  
f u e l  i n t o  the d e p t h s  of t h e  c a t a l y s t  bed. Thus, the c o n t a c t  a r e a  magnif i -  
c a t i o n  necessary  t o  p r o v i d e  adequate  d i f f u s i o n  i n t o  a r e l a t i v e l y  t h i c k  e l e c -  
trode i s  obta ined .  Meniscuses  e x i s t  t r a n s i e n t l y  a long  t h e  stream of bubbles ,  
c o n t i n u a l l y  be ing  renewed by t h e i r  passage.  I n  a s e n s e ,  t h e  "dynamic i n t e r -  
face"  r e f e r r e d  t o  a s  n e c e s s a r y  f o r  t h e  o p e r a t i o n  o f  e l e c t r o d e s  f o r  immiscible  
f u e l s  i s  thus set  up. T h i s  phenomenon may e x p l a i n  why e l e c t r o d e  a c t i v i t y  has  
been observed t o  r i s e  t o  a maximum about  8" below t h e  b o i l i n g  p o i n t  o f  t h e  
e l e c t r o l y t e  ( 2 ) .  

Summary and Conclusions 

A series o f  p l a t i n u m  b l a c k s  prepared  w i t h  d i f f e r e n t  reducing 
a g e n t s  showed a f i f t y f o l d  v a r i a t i o n  i n  s t e a d y  anodic  a c t i v i t y  w i t h  butane 
a t  150°C. The i n t r i n s i c  e l e c t r o c h e m i c a l  a c t i v i t y  o f  t h e  c a t a l y s t s  a s  
measured by t h e i r  a b i l i t y  to  o x i d i z e  preadsorbed butane ,  however, was shown 
t o  be e s s e n t i a l l y  e q u a l .  The observed a c t i v i t y  was shown t o  be a f u n c t i o n  
o f  t h e  p h y s i c a l  s t r u c t u r e  o f  t h e  c a t a l y s t  a s  determined by i n t e r n a l  p o r e  
volume measurements and e l e c t r o n  microscopy. It appears  then  t h a t  t h e  d i f -  
f e r e n t  reducing a g e n t s  e i t h e r  d i d  n o t  a f f e c t  t h e  growth and morphology o f  t h e  
p la t inum c r y s t a l l i t e s  o r  t h a t  t h e s e  f a c t o r s  have l i t t l e  a f f e c t  on chemical 
r e a c t i v i t y .  The r e d u c i n g  c o n d i t i o n s  d i d  have marked e f f e c t s  on t h e  way t h e  
c r y s t a l l i t e s  agglomerated,  however. Pore volumes vary ing  from 60 t o  900% 
o f  t h e  s o l i d s  volume were achieved.  This  i n  t u r n  had a marked a f f e c t  on 
performance,  t h e  f i n e r  more open s t r u c t u r e s  g i v i n g  t h e  b e s t  performance. 

The r e s u l t s  i n d i c a t e  t h a t  w i t h  unsupported plat inum c a t a l y s t s  
p h y s i c a l  v a r i a b l e s  a f f e c t  performance more t h a n  chemical .  
o f  t h e  p h y s i c a l  o p e r a t i o n  of porous e l e c t r o d e  is  t h e r e f o r e  d e s i r a b l e .  One o r  
two a s p e c t s  of t h i s  problem have been t r e a t e d  h e r e .  The miniscus  shape w i t h i n  
t h e  pores  is  probably  not c r i t i c a l  s i n c e  a l i q u i d  hydrocarbon f u e l ,  w i t h  an 
i n v e r t e d  meniscus, gave a c t i v i t i e s  e s s e n t i a l l y  i d e n t i c a l  t o  t h e  same f u e l  i n  
t h e  gas s t a t e .  The s o l u b i l i t y  and d i f f u s i o n  mode o f  f u e l  t r a n s p o r t  from t h e  
s u r f a c e  of  the  c a t a l y s t  bed i s  inadequate  by i t s e l f  t o  account f o r  t h e  observed 
a c t i v i t i e s .  The phenomenon o f  i n t e r n a l  g a s i f i c a t i o n  caused by a lowering of 
t h e  b o i l i n g  p o i n t  of  t h e  e l e c t r o l y t e  due t o  i t s  be ing  p r e s e n t  i n  a high s u r -  
f a c e  a r e a ,  hydrophobic bed h e l p s  account f o r  t h e  a c t i v i t y .  It can provide  
a l a r g e  a r e a  i n c r e a s e  by exposing t h e  deep i n n a r d s  o f  t h e  c a t a l y s t  bed t o  
gaseous f u e l .  

F u r t h e r  understanding 

There a r e  impor tan t  i m p l i c a t i o n s  of t h i s  work i n  the  development of 
new e l e c t r o d e  c a t a l y s t s :  It i s  c l e a r  t h a t  s t e a d y  s t a t e  performance t e s t i n g  
w i l l  not  n e c e s s a r i l y  d e t e c t  c a t a l y s t s  of i n t r i n s i c a l l y  g r e a t e r  chemical  
r e a c t i v i t y .  As a c o r o l l a r y ,  c a t a l y s t s  w i t h  s u p e r i o r  i n t r i n s i c  a c t i v i t i e s  
w i l l  no t  n e c e s s a r i l y  o p e r a t e  b e s t  i n  f i n i s h e d  e l e c t r o d e s .  Probably t h e  
p h y s i c a l  s t r u c t u r e  of new c a t a l y s t s  w i l l  have t o  be opt imized i n d i v i d u a l l y  
t o  s e c u r e  optimum performance.  
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Appendix I 

Evidence f o r  I n v e r t e d  Meniscus w i t h  Liquid  Hydrocarbons 

As was demonst ra ted  by F. W i l l  w i t h  hydrogenJ7)  an area o f  i n c r e a s i n g  
c u r r e n t  ou tput  i s  o b t a i n e d  a s  a p o t e n t i o s t a t t e d  p l a t e  o r  wire e l e c t r o d e  i s  
withdrawn from submersion i n  an  e l e c t r o l y t e  up through t h e  f u e l - e l e c t r o l y t e  
i n t e r f a c e .  This  i s  because t h e  meniscus i s  concave upwards and forms along 
t h e  p a r t i a l l y  p r o t r u d i n g  s u r f a c e .  With l i q u i d  hydrocarbons,  however, an 
a r e a  of  i n c r e a s i n g  c u r r e n t  d e n s i t y  w a s  observed a s  t h e  bottom o f  an e l e c t r o d e  
m s l o w e r e d  from t o t a l  submersion i n  t h e  f u e l  th rough t h e  e l e c t r o l y t e  i n t e r -  
f a c e .  T h i s  phenomenon w a s  more e a s i l y  observed i n  t h e  presence  o f  a s u r -  
f a c t a n t  where t h e  a c t i v e  a r e a  extended a s  much a s  one cm. below the  domina1 
i n t e r f a c e .  F igure  8 i l l u s t r a t e s  t h e  d a t a  w i t h  l i q u i d  heptene-2 a t  80°C. 
The f i l m  o f  heptene was o b s e r v a b l e  under t h e  e l e c t r o l y t e  by means o f  t h e  
phenomenon of t o t a l  r e f l e c t a n c e  a t  an  angle  o f  70 t o  80' from t h e  normal. 

Thus, t h e r e  i s  no doubt  t h a t  t h e  l i q u i d  h y d r o c a r b o n - e l e c t r o l y t e  meniscus 
i s  concave downwards i n t o  t h e  e l e c t r o l y t e ,  a long  t h e  e l e c t r o d e  face .  Con- 
s i d e r a t i o n  of t h e  w e t t i n g  p r o p e r t i e s  of p la t inum makes t h i s  r e s u l t  seem 
r e a s o n a b l e .  S u l f u r i c  a c i d  o r  phosphor ic  a c i d  w e t s  c l e a n  plat inum f o i l .  How- 
ever,  l i q u i d  hydrocarbons d i s p l a c e  t h e  e l e c t r o l y t e .  A pla t inum f o i l  immersed 
i n  decane was n o t  wet by a d r o p l e t  o f  3 . 7  M s u l f u r i c  a c i d .  I n s t e a d  o f  
s p r e a d i n g  i t  remained on t h e  s u r f a c e  a s  a g l o b u l e  w i t h  a very  h i g h  c o n t a c t  
a n g l e .  On the o t h e r  hand,  a d r o p l e t  o f  decane p laced  on t h e  under  s u r f a c e  o f  
a p la t inum f o i l  immersed i n  e l e c t r o l y t e  spread  on it immediately,  d i s p l a c i n g  
the e l e c t r o l y t e  from t h e  s u r f a c e .  T h i s  phenomenon has  n o t  been s t u d i e d  as a 
f u n c t i o n  o f  p o t e n t i a l  b u t  i t  i s  known t h a t  p la t inum i s  more hydrophobic a t  
r e d u c i n g  p o t e n t i a l s  t h a n  a t  o x i d i z i n g .  

Appendix I1 

Thermodynamics of  B o i l i n g  P o i n t  
Lowering i n  a Hydrophobic Matr ix  

A porous hydrophobic  body i s  cons idered  t o  be t o t a l l y  immersed i n  
a v e s s e l  of e l e c t r o l y t e ,  which has  f i l l e d  a l l  t h e  pores .  Within t h e  porous 
body t h e  l i q u i d  i s  i n  e q u i l i b r i u m  w i t h  a bubble  of  i t s  own vapor. The vapor 
i s  n o t  a t  t h e  e x t e r n a l  p r e s s u r e ,  however. A d i f f e r e n c e  i n  p r e s s u r e  between 
the e x t e r n a l  and vapor  p r e s s u r e s  is n e c e s s a r y  t o  main ta in  t h e  l i q u i d  w i t h i n  
t h e  hydrophobic m a t r i x .  

where P = p r e s s u r e  o f  vapor  w i t h i n  m a t r i x  

Po = e x t e r n a l  p r e s s u r e  (1 atm) 

= g a s  s o l i d  i n t e r f a c i a l  t e n s i o n  
g s  

bls= gas l i q u i d  i n t e r f a c i a l  t e n s i o n  

T = s u r f a c e  t o  volume r a t i o  o f  m a t r i x  
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Equat ion (1) w i l l  be recognized  a s  t h a t  used i n  poros imet ry ,  where 
- i\Y,which i s  nega t ive  i n  t h i s  c a s e ,  i s  w r i t t e n  a s  ygl cos  e (e i s  t h e  con tac t  
a n g l e ) ,  and u f o r  po res  of r a d i u s  r e q u a l s  2 / r .  Es t ab l i shmen t  of  equ i l ib r ium 
w i t h i n  t h e  porous body r e q u i r e s  t h a t  t h e  tempera ture  be lowered u n t i l  t h e  
vapor p r e s s u r e  of  t h e  l i q u i d  e q u a l s  t h a t  g iven  by e q u a t i o n  (1). The exac t  
thermodynamic t r ea tmen t  i s  q u i t e  complex, bu t  an approximate i d e a  of the  s i z e  
of t he  e f f e c t  can be ob ta ined  from t h e  Clausius-Clapeyron equa t ion  i n  the  form: 

dPv - LIH 

dT TVV 

where T i s  t h e  
AH is  t h e  
V i s  t h e  

e q u i l i b r i u m  t empera tu re  ( b o i l i n g  p o i n t )  
h e a t  of v a p o r i z a t i o n  of  t h e  l i q u i d  
molar volume of t h e  vapor 

Combining (2) w i t h  t h e  d i f f e r e n t i a l  o f  [l] , u s i n g  t h e  g a s  law 
f o r  V v ,  and i n t e g r a t i n g ,  one f i n d s  t h a t :  

n e g a t i v e  
e l e c t r o d e  

where TB i s  t h e  b o i l i n g  p o i n t  when Q i s  ze ro .  S ince  cos 0 i s  
f o r  hydrophobic m a t r i c e s  T c T B .  
s ,  f o r  example, d c a n  be 106cm2/cm3. 

In h e a v i l y  loaded plat inum black  
To o b t a i n  a 20°C lowering of 

t h e  b o i l i n g  p o i n t  i n  t h i s  c a s e ,  a weighted average  va lue  of  '2 of on ly  90.4' 
i s  r equ i r ed .  
v a l u e s  of  ,-&os 'J g r e a t e r  than  one atmosphere. 

Excessive wetproofing i n  a r e g i o n  of t h e  e l e c t r o d e  can g ive  
The po res  in t h i s  reg ion  

w i l l  remain f r e e  of l i q u i d  a t  a l l  t empera tu res .  Apparent ly  t h e  p rope r  
p roof ing  i s  achieved by c o r r e c t  blending and s i n t e r i n g  o f  t h e  p l a t inum 
Tef lon .  

wet- 
and 
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Figure 1 

TYPICAL BUTANE PERFORMANCE CURVES 
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Figure 2 

TYPICAL TRACE OF BUTANE VOLTAGE SCANS 
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Figtire 3 
FRACTION BUTANE REACTED VERSUS INIT IAL COVERAGE 
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Figure 4 

BUTANE PERFORMANCE CORRELATES WITH 
PORE VOLUME 
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Figure 5 

ELECTRON MICROGRAPH OF 

PORE VOLUME=O.4 cm /gm 
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Figure 6 

ELECTRON MICROGRAPH OF 
POOR CATALYST 
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Figure 7 

COMPARISON OF LIQUID AND VAPORIZED 
DECANE ON WETPROOFED ELECTRODE 
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Figure 8 

IMMERSION OF PLATINIZED FOIL  THROUGH 
LIQUID HYDROCARGON-ELECTROLYTE INTERFACE 
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